somewhat less potent greenhouse gases. 10, 11 Other polyfluoroalkanes besides those used in refrigeration are also on the greenhouse effect "radar". The bromine-containing relatives of CFCs (halons) that find uses in fire extinguishing and other areas possess very high GWPs. 12 Perfluorocarbons (perfluoroalkanes, or PFCs) are an unwanted by-product in aluminum manufacture 13 where electrolysis cells with carbon anodes and fluoride-containing melts generate CF 4 and larger PFCs. PFCs are also broadly used in semiconductor industry for etching silicon wafers. 14 The GWP values for PFCs are also very high and they possess atmospheric lifetimes so high (up to 50,000 yrs) as to be considered eternal on the timescale of human civilization. 15 The atmospheric lifetimes of HFCs, CFCs, and HCFCs are not as high, but still count in tens and hundreds of years. Together these fluorinated pollutants have been referred to as "super-greenhouse gases" 16 (we will refer to them as collectively as SGHGs in this proposal). Because of the long lifetimes and of the very high GWPs (thousands of times that of CO 2 ) the emissions of SGHGs contribute very significantly to radiative forcing. By various estimates, 17 SGHG emissions account for 10-20% of the net human activity effects and these numbers grow in models for the future. 10, 11 There are virtually no natural sources of SGHGs and long lifetimes mean very slow removal from the atmosphere. The importance of SGHGs in effects on climate is recognized by both international organizations and the US government. SGHGs feature prominently in IPCC reports 18 and in the Kyoto Protocol documentation, 19 while the Environmental Protection Agency's website features a dedicated section on high GWP gases (=SGHGs). 20 Reductions in the use of SGHGs and supplanting the need for them with new technologies are ultimately the way to curtail their release into the environment. However, this requires innovation and time for implementation. Thus, destruction of the stockpiles and of the generated waste streams is necessary to alleviate the effect. 21 For example, leakage of CFCs into the atmosphere from existing stockpiles alone is expected to contribute 6 billion ton CO 2 -equiv before 2015.
21 Interestingly, nuclear energy production accounts for a notable fraction of CFC emissions arising from heat exchange equipment in enrichment schemes. 22 One way to think of the benefit of minimizing SGHG emissions is that removing their contribution buys extra years (in terms of the overall global warming results) for solving the ultimately more demanding CO 2 problem. 10, 11 Different methods for the destruction of various SGHGs do exist, however, the high stability especially of PFCs exacts high demands on such processes, leading to consideration of such exotic options as treatment with sodium vapor at 830 ˚C. 23 Plasma methods have been used, 24 as well as decomposition with various element oxides. 25 Temperatures of 400-600 ˚C are referred to as relatively low in PFC abatement. 26 Burdeniuc and Crabtree described a ca. 250 ˚C process for decomposition of CFCs with alkali metal oxalates, but of PFCs, only those that can aromatize 27 (6-membered rings) reacted. 28 Aromatization of cyclic perfluoroalkanes has also been reported with thiolates.
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All in all, there is room for improvement in processes for conversion of SGHGs to environmentally benign compounds and this provides one motivation for the study of C-F bond activation. On a more fundamental level, activation of C-F bonds is a noteworthy challenge because C-F is arguably the most inert, unreactive functionality in organic chemistry. 1 The problem of C-F bond activation has historically drawn practitioners of transition metal-based catalysis, in which the cleavage of the C-F bond is typically conceived to proceed reductively, through either oxidative addition of C-F to a metal center or via oneelectron reduction.
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The subject of carbon-fluorine bond activation was recently thoroughly reviewed from an organic vantage point by Amii and Uneyama. 3 The transition metal catalysis has worked better for polyfluoroarenes and fluoroalkenes, which possess π-systems that provide a relatively low energy avenue for attack on the molecule. 31, 32 Aliphatic compounds with only C(sp 3 )-F bonds present a greater fundamental challenge, generally lacking either Lewis basicity or acidity (or electrophilicity or nucleophilicity, respectively, in kinetic terms), with correspondingly less success in evidence. 33, 34 Increased fluorination of alkyl chains ostensibly exacerbates the problem. The C-F bonds are stronger in perfluoroalkyl chains and the carbon chain is also more sterically and electronically shielded by the fluorine atoms. 30 As with any strong bond "activation and functionalization", part of the challenge is how to integrate the event of breaking the reticent bond into a catalytic cycle, especially in a process that converts C-F bonds to other C-element bonds. Conceptually, the simplest transformation of a C-F bond is to a C-H bond, which can be termed hydrodefluorination (HDF).
I-B. Our approach.
We became interested in developing new methods for HDF and other types of C-F bond conversion in polyfluoroalkanes under mild conditions. Much of the previous effort in C-F activation concentrated on reductive cleavage of the C-F bond ( Figure  1 ), either by strong reducing agents (e.g., reactive metals) or by electron-rich transition metal centers. 30 In the transition metal community the mechanistic allure of C-F oxidative addition (not always concerted oxidative addition) has been particularly strong. We were attracted to a conceptually different approach to C-F activation, where the key C-F cleavage proceeds by a Lewis acid abstraction of fluoride rather than a redox event. Conventional acids, such as SiO 2 , TiO 2 or concentrated H 2 SO 4 , 35 require high temperatures for cleavage of C-F bonds in perfluoroalkyl groups. Inorganic Lewis acids (e.g., SbF 5 , ACF or AlCl x F 3-x ) have substantial history in industrial processes involving polyfluoroorganics and activation of C-Cl and C-F bonds, 36 but they appear incompatible with the concept of hydrodefluorination and often operate only at high temperature, as well.
In 2005, we reported an execution of the non-redox approach under ambient conditions by using a silylium (R 3 Si + ) Lewis acid.
37 Our silylium-catalyzed process was conceived as an implementation of the two half-reactions shown in Scheme 1-A. These half-reactions can be described in Lewis acid-base terms as transfer of fluoride from a carbenium ion (carbocation) R 3 C + to a silylium cation X 3 Si + complemented by hydride transfer from X 3 Si + to R 3 C + . The sum of the two half reactions is the net reaction (Scheme 1-B), a C-F/Si-H metathesis. The proposed catalytic cycle (Scheme 1-C) is a sequence of the two half-reactions in Scheme 1-A. The guiding precedent for our silylium work is the gas-phase studies of Krause -and halogenated carboranes led to the isolation of trialkylsilylium derivatives that approach the free silylium ion character 40, 41 as well as a true silylium cation with bulky aryl substituents. 42 Even with the state-ofthe-art weakly coordinating anions, silylium cations and many carbocations are likely to form adducts with the anion, the solvent or the reagents/products of our catalytic reactions. We will discuss "cations" with this understanding in mind.
Utilizing Et 3 SiH, successful HDF was recorded for a series of benzotrifluorides and alkyl fluorides.
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In general, increased fluorination in the substrate led to slower reactivity, and appeared consistent with the fluoride transfer reaction in Scheme 1-A being rate-limiting. Only C(sp 
Note on terminology: It is possible to describe the reactivity in Scheme 1 as chain reactions and not catalysis. This is a semantic point that does not bear on the results (consider also "general acid catalysis"
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) and we will discuss the chemistry in terms of catalysis and catalysts, also omitting for brevity the distinction between a catalyst and a Ph 3 C[B(C 6 F 5 ) -as the supporting anion. However, this anion, although resistant to Et 3 Si + , displayed very limited stability in HDF reactions and was quickly identified as the "weak link". Two other groups subsequently used this anion in similar HDF chemistry and reported similarly limited reactivity. 45 The efforts during the previous period were aimed at a) advancing the HDF reactivity with improvement in scope and catalyst longevity; b) extending C-F activation beyond HDF; c) generating insight about the elementary steps of the reaction and potential intermediates. Figure 2 ) proved equal to the task (Scheme 2). Our study benefited from the sophistication in the chemistry of carboranes brought to the fore by groups of Michl, Strauss, Reed, Xie and others (recently reviewed by Korbe et al.) 47 ; studies by the Reed group are particularly relevant. 48, 49 Carborane anions have been shown to be compatible with the highest levels of Brønsted and Lewis (e.g., silylium and carbocations) acidity in the condensed phase even under harsh conditions. For instance, H[HCB 11 Cl 11 ], the strongest known Brønsted acid, can be sublimed at 200 °C without decomposition. 50 In either intramolecularly, when reaction was done neat, or intermolecularly with benzene solvent. The latter allowed for high yield formation of 1,3-diphenylpropane as the chief product. This purposeful utilization of the Friedel-Crafts chemistry thus led to the conversion of a CF 3 group into a CH 2 Ph group. Although the utility of Friedel-Crafts chemistry is limited, it does afford a path for C-C coupling of C-F bonds. n-C 4 F 9 C 2 H 5 was the most difficult substrate, reacting but sluggishly, but nonetheless complete consumption was achieved. We were able to identify several (presumably, as a result of carbocation isomerization) C 6 hydrocarbons as the organic products of the reaction. This constitutes the first example of a room temperature HDF of a perfluoroalkyl group.
In the second publication, we reported the extended scope of HDF with silylium carborane catalysts including different benzotrifluorides, primary and secondary alkyl fluorides, gem-difluoroalkanes, as well as a substrate like Br(CH 2 ) 5 CF 3 . For all of these, we have achieved high-TON HDF. In the presence of aromatic rings, extensive Friedel-Crafts chemistry was observed; otherwise the expected HDF products were formed. The conversion of Br(CH 2 ) 5 CF 3 to n-hexane indicated that hydrodebromination (HDBr) is viable for the silylium catalysis.
However, we observed no reaction with CF 4 or perfluoromethylcyclohexane even under forcing (90 ˚C) conditions. This outlines the limit of the scope of HDF with trialkylsilanes -perfluoroalkyl chains with alkyl substituents are consumed, but fully fluorinated alkanes are not.
We undertook an investigation of hydrodechlorination (HDCl) in greater detail. The same catalytic system was able to readily consumer benzotrichlorides and simple alkyl chlorides, performing similarly to HDF (Scheme 4). In order to establish the preference of the catalytic system for different halides, we Br-Nonane performed a series of competition reactions. We discovered that in the same-vessel competition HDF of C 6 F 5 CF 3 proceeded much more slowly than HDCl of C 6 F 5 CCl 3 ( Figure 4 ). In contrast, for primary alkyl halides, HDF was much faster than HDCl, which in turn was faster than HDBr and hydrodeiodination (HDI) ( Figure 5 ). These results are contradictory only at a cursory glance. If the first halide abstraction from Ar-CHal 3 is rate-limiting (consistent with lack of observable ArCHHal 2 or ArCH 2 Hal intermediates), then the abstraction of chloride from C 6 F 5 CCl 3 generates a different carbocation than the abstraction of fluoride from C 6 F 5 CF 3 , whereas abstraction of halide from monohaloalkanes generates the same (or nearly the same) carbocation. In short, the preference for F vs Cl or even Br is complex and depends on the overall structure of the substrate. Nonetheless, all mixtures of CHal could react to completion with total hydrodehalogenation. HDCl (but not HDF) with silanes with weak Si-H bonds (e.g., (Me 3 Si) 3 SiH) functioning as hydrogen atom donors has been reviewed. 55 Our chemistry with Et 3 SiH did not proceed with standard radical initiators.
The catalytic system here and in all other C-Hal activation chemistry in our work displayed constant preference for the activation of C(sp 3 )-Hal bonds and no evidence for attack of C(sp 2 )-Hal bonds. This is completely orthogonal to the transition metal chemistry, where polyfluoroarenes are the most reactive substrates.
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Hexafluorobenzene is the most common substrate in transition metal catalysis; we used it as a convenient unreactive internal 19 F NMR standard! In the HDF and HDCl reactions that went to completion, we routinely observed TON in the 1,000-5,000 range. We have not been able to push HDF past 40,000 TON and that with only incomplete conversion. Such low catalyst loadings may be sensitive to ppm levels of basic impurities, however, this does not appear to be the limiting factor. Reactions reached 40,000 TON in an asymptotic fashion, with slowly decreasing rate over several days. We contend that this is more consistent with selfinhibition. It is possible that 40,000-fold excess of even such a weak base as Et 3 SiF inhibits the catalyst (for example if pre-equilibrium dissociation of [Et 3 Si-F-SiEt 3 ] + was necessary. We observed exactly the same high-TON effects in Al chemistry (vide infra). We surmised that a catalytic cycle similar the Si one (Scheme 1) can be based on Al, another fluorophile. We further hypothesized that the more polar Al-C bonds might allow for transfer of alkyl groups from Al to carbocations. The proposed cycle and the overall ideal "alkylative defluorination" (AlkDF) reaction is depicted in Scheme 5. This scheme relies on the fluorophilicity of the X 2 Al + (alumenium cation). • AlkDF proceeded with C-F substrates similar to the Si-based HDF, up to Ph(CH 2 ) 2 CF 3 , but not with n-C 4 F 9 C 2 H 5 .
• Friedel-Crafts side reactions (catalytic) were also observed, but were less competitive than in HDF with Si.
• Me 3 Al gave clean conversion of C-F bonds to C-Me bonds. Triethyl-and triisobutylaluminum produced a mixture of products corresponding to competitive transfer of either alkyl or a β-hydride from Al.
• Approximately 1.1-1.4 alkyl (= X) groups in X 3 Al or 0.15 i Bu groups from i Bu 2 AlF could be used to replace C-F bonds.
• Trialkylaluminum without an alumenium catalyst did effect AlkDF, but much more slowly, hardly at all in non-polar solvents. In addition, in non-catalyzed reactions, dehydrofluorination to alkenes was observed as a significantly competitive process. Noncatalyzed AlkDF reactions of trialkylaluminums have been more deeply studied by Terao et al., with similar outcomes.
58
• The reaction tolerated the presence of supracatalytic amounts of water, presumably because of the "self-scrubbing" properties of trialkylaluminums. Methylaluminoxane (MAO) was not only tolerated, but appeared to effect AlkDF more efficiently without a catalyst than trialkyluminums without a catalyst. The high Lewis acidity of MAO and the scrubbing effect of organoaluminums mimic their benefits as co-catalysts in olefin polymerization. As the first step towards understanding of the underlying basics of the catalytic process, we undertook a computational study of hydride and fluoride affinities (HA and FA) of various X 3 Si + and R 3 C + cations. This work was carried out in collaboration with Prof. Dmitri Gusev of Wilfrid Laurier University (Waterloo, Canada). We particularly sought insight into the lack of reactivity with perfluoroalkanes and into whether it is possible to modulate the reactivity by the choice of silane. The calculated values of HA and FA in PhCl solution are depicted in Figure  6 ; the gas-phase data are different in absolute terms but display largely the same trends. Key observations follow.
• Although HA and FA generally increase synchronously, the deviations from linearity are much more pronounced for carbocations. We ascribe this to greater influence of orbital π-(de)stabilization of carbocations on HA (more covalent) than FA (less covalent) and π-effects being less important for Si.
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• The HA and FA values are quite similar for silylium cations. For carbocations, HA is 35-60 kcal/mol greater than FA.
• Fluorination of carbocations in the α-position has little effect on HA (π -donicity of F cancels out the inductive effect) and a moderate effect on HA. β-Fluorination increases both HA and FA substantially.
• FA of silylium cations is notably greater than that of carbocations with similar substituents. For HA, the inverse difference is even greater and nearly all studied carbocations have HA higher than Et 3 Si + .
• FA of pefluorocarbocations is far greater than even that of partly fluorinated carbocations and is 30-50 kcal/mol greater than the FA of Et 3 Si + .
• The HDF reactions are very favorable (by 40-60 kcal/mol) and the value is fairly independent of the silane.
Scheme 7. Typical literature carborane syntheses Figure 7 . ORTEP plot of the X-ray structure of Ph 3 C[HCB 11 Br 11 ] • Based on all the data, the hydride transfer from Si to C is always thermodynamically favorable, except for a few extremes, and should not ever be a kinetic obstacle in the reaction.
• The calculated enthalpies of transfer of fluoride from C to Si are consistent with the experimental results if we assume a significant entropic component and an additional barrier for the liberation of the actual free Et 3 Si + from an adduct with anion or solvent. Calculations indicate that the fluoride transfer is inherently responsible for the kinetic barrier. Furthermore, fluoride transfer from PFCs is not even kinetically accessible with Et 3 Si + .
• Utilization of silylium cations with more electron-withdrawing groups (alkoxide/siloxide or chloride) closes the gap with the FA of perfluorocarbocations. Cations such as Cl 3 Si + , MeCl 2 Si + , (RO) 3 Si + may provide the needed fluorophilicity for HDF of PFCs.
• The difficulty of fluoride abstraction from various sites in PFCs drops off in the order of CF > CF 2 > CF 3 > CF 4 , i.e., CF 4 should be the easiest PFC to activate. 47, 48 Carboranes have been described as σ-aromatic in three dimensions and substitution reactions of carboranes strongly resemble electrophilic aromatic substitution. The susceptibility of the boron sites in the cage towards electrophilic attack increases with greater separation from the more electronegative carbon ("para" first, then "meta", then "ortho"). Hexahalogenation proceeds readily (albeit not always selectively) with elemental halogens at <70 ˚C. Undecahalogenation requires much more forcing conditions (and vessels capable of withstanding elevated pressure).
Scheme 9. Representative C-C coupling reaction.
Scheme 8. New carborane halogenation methods
Synthesis of each of the carboranes, while doable, suffers from some combination of hazardous conditions, difficulty in scale-up, great sensitivity to conditions, need for extended but real-time monitoring by 11 B NMR, and also high cost of the reagents and setup. Indeed, improvements in carborane halogenation became essential in order to take our chemistry beyond proof-of-principle experiments. Therefore we threw considerable effort into the development of improved methods. The principles for an ideal synthesis are outlined later, in Section VI. This publication communicates the best of our results that match those principles well. In brief (Scheme 8), undecachlorination of [HCB 11 H 11 ] -to [HCB 11 Cl 11 ] -is simply accomplished by reflux in SO 2 Cl 2 under argon or by reflux in SbCl 5 . Undecabromination is accomplished on 1 h using Br 2 /SbCl 5 ( Figure 7) . All of these reactions gave the desired products in 80-90% yield.
The SO 2 Cl 2 chlorination is very simple -reflux in SO 2 Cl 2 (bp = 69 ˚C) is followed by removal of excess SO 2 Cl 2 in vacuo (by-products are gaseous SO 2 and HCl) and recrystallization from water. Now, we can routinely produce multigram quantities of Cs[HCB 11 Cl 11 We want to note that the simplicity hides 18 months of sustained effort on screening numerous conditions and reagents. In the process, we have made a few other useful discoveries, some of which are mentioned separately later. Our efforts to obtain an X-ray quality crystal have not been successful so far, yielding only a crystal of a "bis(water) adduct".
C-C bond formation with Si.
We attempted to extend the Si-catalyzed process beyond HDF, to replacement of C-F with C-C bonds. We have not yet been able to catalytically transfer alkyl groups from Si to C. On the other hand, utilization of Et 3 Si[carborane] as catalyst for C-C coupling of aryl-and allyltrimethylsilanes with monofluoroalkanes did lead to the formation of desired products and complete consumption of C-F bonds (Scheme 9). Unfortunately, we have observed formation of side products in all cases; many of them are apparently isomers of the intended products. The reaction can probably be viewed as electrophilic displacement of Me 3 Si + by a carbocation (formed via abstraction of fluoride by X 3 Si + ). Side products may form either from isomerization of alkyl cations or by competitive electrophilic attack on different positions of the aromatic ring. This is essentially analogous to Friedel-Crafts chemistry, but with some ipso-direction by the silyl group.
Indirect impacts of the DOE funding on our group's research. The funding from this grant has allowed us to develop expertise in the synthesis and use of carborane anions, a versatile class of weakly coordinating anions. A property of carboranes that is particularly valuable to an inorganic chemist is their propensity to readily form crystalline salts that are remarkably free of crystallographic disorders. In contrast, tetrarylborates often give rise to oily materials and, when crystalline, are prone to disorder. Because of this, the carborane anions are of great use in isolation of highly reactive, unsaturated transition metal cations not only because of their weak basicity, but also because they allow for the all-important Xray diffraction characterization.
One of the long-standing goals in our group has been the isolation of authentic three-coordinate cations of group 10 metals [(PNP)M] + (M = Ni, Pd, and Pt). These compounds are exceptionally unusual as 14-electron, three-coordinate cationic complexes of these metals. Moreover, at least for Ni and Pd, these compounds are paramagnetic. While paramagnetic Ni II compounds in general are common (but not three-coordinate!), paramagnetic Pd II complexes are an exotic find! Calculations by Prof. Gusev (Wilfrid Laurier U) confirm the preference for the triplet ground state. The nature of the triplet state can be described as arising from the intramolecular transfer of an electron from the diarylamido ligand-based orbital to the metal orbital that can be conventionally viewed as the "empty site trans to N". We had previously prepared the cationic compounds with the [B(C 6 H 3 (CF 3 ) 2 ) 4 ] -anion, but the products were oily substances that resisted crystallization. With carboranes, particularly [HCB 11 Cl 11 ] -, success came quickly and we were able to isolate both the Pd and the Ni derivatives. Both are paramagnetic in solution, but the carborane is coordinated to the metal in the solid state in the Pd case (Scheme 10). It is likely that the anion dissociates in solution. Nonetheless, the Ni derivative is an authentic threecoordinate cation! With partial support from DOE through a supplement to this grant (DOE funds accounted for ~2/3 of the cost, with the rest coming from private funds), we were able to purchase a glovebox that was dedicated to work in a "Lewis-base free" environment. It was primarily used for the C-F activation chemistry and was indispensable for this DOE project. However, the presence of this glovebox also allows us to work confidently with other highly unsaturated species of interest to our group, such as the complexes described immediately above.
Recognitions received by the PI during the previous period. In 2007, the PI was named a Camille Dreyfus Teacher-Scholar by the Dreyfus foundation. While the following is not truly an accolade, but we would like to note that our 2008 Science publication received substantial coverage in press across the world. listed below, under (b) . b) Joint funding by DOE and other federal or non-federal sources. Publications with DOE as the sole federal source a marked with a **. Other publications acknowledge DOE for reasons of either support of personnel during the writing of the manuscripts or because of use of crucial shared laboratory equipment (e.g., glovebox) purchased in part or in full with DOE funds.
